Near infrared spectroscopy. a recently developed optoelectronic technique, has been studied as a possible method of monitoring the adequacy of cerebral perfusion in 22 patients who were candidates for carotid endarterectomy. Using this technique, changes in haemoglobin volume, haemoglobin oxygen saturation and redox level of cytochrome-coxidase were recorded from the frontoparietal region during routine carotid compression tests performed under continuous electroencephalographic (EEG) monitoring. A highly significant association was found between EEG slowing. indicating impaired cerebral function. and a fall in haemoglobin volume and oxygen saturation. indicating a reduced blood and oxygen supply to the brain (Fisher exact test, p < 10-S). In a few tests haemoglobin volume and oxygen saturation were reduced without changes in the EEG recording.
Introduction
Clamping of the carotid artery is an unavoidable step during carotid endarterectomy (CEA) unless a shunt is used. In order to prevent ischaemic brain damage during temporary occlusion of the artery, the adequacy of collateral flow may be verified by several means. These include conventional EEG recordingI , stump pressure measurement", measurement of cerebral blood flow by ofXe l 33 clearance.'. and monitoring of somatosensorial evoked responses", These techniques vary in their reliability and do not allow for an immediate direct evaluation of brain blood volume and oxygenation which might be made using near infrared (IR) spectroscopy (NIRS), a recently developed optoelectronic technique.
The principles of NIRS have been explained previouslyv". Briefly, IR light of the 750-950 nm region is transmitted sufficiently through the soft and hard tissues of the head to provide an adequate signal for spectrophotometric purposes. The tissue transparency varies with the transmitted wavelength and scattering effects and depends upon absorption by the most abundant chromophores, i.e. the haem of haemoglobin (Hb) and the visible copper band of cytocrome-e-oxidase (cyt a,a 3 ) . In vivo reflectance Hb-Hb0 2 spectra have been reported by several authors 7 .8 . Concerning the 82Q-840 nm broad band of oxidized cyt a,a 3 , the prevailing contribution is the visible copper (CU.)9 and direct evidence of its presence has been provided in fluorocarbon-transfused, haemoglobin-free living rats!", Brain IR spectroscopy performed on animal models has confirmed the possibility of realizing an on-line, noninvasive, continuous method of monitoring: (a) Hb content, which correlates with the blood volume (HbV); (b) Hb oxygen saturation (HbS); and (c) the redox level of cyt a.a, (R). Experiments carried out on volunteers gave typical and reproducible IR responses to changes in respiratory activity or in the composition ofinhaled gas mixtures. These responses were compatible with the alterations in cerebral haemodynamics produced by these procedures, indicating that the main contribution to IR absorption changes is provided by the brain tissue l 1.1 2 . Recent studies have also shown that this technique may be used in newborn brain monitoringP'!" and adult brain surveillance during surgical anaesthesiaIS.
Before attempting to use NIRS during surgery, we studied the technique in patients who were candidates for CEA. For routine presurgical evaluation they had to be submitted to a carotid compression test (CCT) under EEG monitoring, and the NIRS results were compared with the EEG findings.
Methods
We studied 4 women and 18men. with a mean age of61 years (range 49-72). Eighteen of them had symptoms of reversible cerebrovascular disease (7 transient ischaemic attacks, 11 minor strokes; 16 in carotid and 2 in vertebrobasilar territory); 4 patients were asymptomatic.
All patients were submitted to the following diagnostic protocol: continuous wave Dopplersonography and angiography of the carotid vessels, CT scans, and EEG with carotid compression test. The carotid vessels were normal in 9 patients; unilateral involvement was present in 11patients (5 occlusion, 5 mild or moderate stenosis, 1 severe stenosis); and bilateral involvement in 2 patients (1 occlusion with contralateral mild stenosis, 1 severe stenosis in both the carotids).
Polygraphic EEG and ECG recordings were performed using a 12-channel EIther machine and blood pressure was regularly checked every 20 seconds. If compatible with the clinical condition, unilateral digital compression of the common and the internal carotid arteries lasting about 30 seconds was performed on both sides in subsequent tests!", The 0141-0768/87/ 020083·05/$02.00/0 @1987 The Royal Society of Medicine CCT produced the following changes in IR parameters. HbV either showed: (a) a progressive decrease till the end of compression followed by rapid recovery to the control level; (b) an initial fall followed by recovery during the compression (volume recovery response: VRR); or (c) no variation. HbS either shifted towards desaturation and recovered following the release of carotid compression, or was unaffected. R was either unchanged or reduced during CeT; in the latter case, after the release of compression, there was a return to the control level or a transient oxidative shift above the pre-compression values. The results of ipsilateral CCTs are reported in Table l. In 7 tests in which EEG slowing was present, a sharp reduction in HbV and HbS always occurred within a few seconds after the beginning of the compression and persisted during the whole period of the test (Figure 1 ). In 6 there was a slight initial reduction in R followed by a shift towards oxidation (Figure lA), whereas in one a pure reduction was observed ( Figure 10 ).
In 31 EEG-negative tests, 3 groups could be identified on the basis ofHbV responses. In the first group, characterized by a fall in HbV (4 tests), HbS was reduced in 3, and in one an oxidative shift ofR, occurring at the end of compression, was also observed. In the second group, characterized by a VRR response (13 tests), a fall in HbS lasting throughout the period of compression was present in 8 ( Figure 2A ) and in 4 a post-compression oxidative shift was also observed.
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Fall. effect 7 0 0 HbV occurrence of clinical signs or ECG abnormalities prompted the end of the test. Usually, clinical signs or EEG positivity appeared 10-15 seconds after the beginning of the CCTs. EEG abnormalities, characterized by the appearance of slow waves or slowing of background activity, were usually localized anteriorly or spread to the ipsilateral hemisphere and sometimes also to the contralateral hemisphere I 6. Data obtained in subjects with arterial hypertensive or hypotensive reactions were discarded.
The equipment for NIRS has been described elsewhere 1 1,12. Briefly it consisted of optical, computing and display sections. A Xenon flash lamp (FX 200 of EG&G, Salem, Mass, USA), fired 3 to 6 times per sec, was used as light source. The emitted light was filtered through a low pass red filter. The light was then carried by a glass optic fibre (2 m in length and 5 mm in active diameter) to the monitored area. Another optic fibre conveyed the emerging light to an analyser which measured the light at 4 wavelengths by means of 4 interference filters and photomultipliers.
. Four wavelengths were chosen according to the spectral properties of Hb and cyt a.a, in order to obtain near IR measurements corrected for scattering effects. An algorithm for the corrections was calculated from an empirical model based upon theoretical predictions'Y'". The parameters were optimized using the data obtained in experimental models as well as human volunteers. IR signals were processed by a 6502 based microprocessor system (Apple II Europlus) and displayed on-line on a colour monitor, memorized, printed at the end of the CCT, and plotted off-line. The measurement geometry did not allow the IR parameters to be expressed as chromophore absorbance, since the light absorbance path is undefined due to scattering effects. The parameters were thus expressed as variations of apparent optical density (OD) which is related to relative changes of chromophore concentration 13. The two optic fibres were firmly applied to the frontotemporal region using a Teflon stand at a distance of 3 cm from each other. The approximate volume of brain tissue examined in this configuration was 4-6 em", The residual injury was a circular skin depression which disappeared after 10-30 min.
HbV, HbS, and R signals were averaged every 10-20 lamp pulses and the resulting signals were transferred to the computer every 2·-3 seconds. Some measurements with persistent artefacts due to movement of the fibreoptics had to be discarded.
The IR data was quantified by estimating, off-line, the velocity of changes in IR absorption on the basis of the first derivative of the tracings. The Mann-Whitney U test!" was applied, using the maximum absolute value of the derivative. The threshold level of consistent changes in IR absorption was empirically established on the basis of an overall evaluation of all recorded data. This criterion was adopted without any preliminary comparison with the clinical and EEG data. When the maximum derivative of HbV, HbS and R (for the oxidative shift) were above 0.05 OD/min, 0.02 OD/min and 0.065 OD/min respectively, the parameters were considered to have changed significantly.
IRdata were compared with the EEGtest (reference test) using Youden's index, co-positivity, conegativity, and accuracy-? as well as Fisher's exact probability test!".
In the third group HbV was unchanged (14 tests, Figure 2B ); HbS was reduced in 7 and in 3 a postcompression oxidative shift ofR was also present.
The reduction in HbV (with the exclusion ofVRR), the fall in HbS and the post-compression oxidative shift of R were significantly more frequent in EEGpositive (n =7) than in EEG-negative (n =18with the exclusion of VRR) CCTs performed ipsilaterally to the IR explored area (Mann-Whitney U test P< 0.001 for HbV, HbS and R).
The indices of agreement between IR and EEG data are reported in Table 2 . The best agreement was found between HbV and EEG. In spite of the poor association of HbS fall with EEG slowing, the coexistence of a positivity in HbV and HbS (IR test) increased the agreement between IR findings and EEG recording. Considering the still-disputed biochemical and functional meaning of the visible copper band, the predictive meaning of R changes is debatable. Consequently the IR test was based only on the HbV and HbS recordings. Moreover, no further improvement of this agreement was obtained by including the occurrence of an oxidative shift ofR among the criteria for positivity of the IR test. As shown in Table 3 , there was a highly significant association between the IR test and the EEG test (Fisher's exact test, P< 10-5).
When compression was performed on the contralateral side with respect to the optic fibre site, only in 7 cases were positive EEG findings recorded on the same side. In these cases, changes in HbV, HbS and R were qualitatively similar to those observed in ipsilateral compressions with EEG-positive responses. However, the changes in IR parameters were smaller and outside the limits of significance adopted.
Discussion
The risk of cerebral ischaemia during carotid clamping is always present during CEA, and there is no general agreement on the reliability and practicability of existing methods for evaluating the adequacy of the collateral circulation. NIRS, which offers the unique opportunity of continuously measuring HbV, HbS and R, was first proposed for newborn brain monitcring'P'!" and general anaesthesia surveillance 1 5. As previously mentioned, work on experimental animals and human volunteers showed that the instrument used in the present study provides reliable information on the above-mentioned parameters.
According to our results, in cases of EEG slowing during CCTs, the typical IR response (Figure 1 consistent with a transient impairment of blood and oxygen supply to the brain as shown by the fall in HbV, recovering at the end of the compression, and the simultaneous decrease in HbS indicating an increased 02 extraction. More controversial points are raised by 13 VRR cases in which a negative EEG test was associated with an initial fall in HbV followed, during the compression, by a rapid recovery of the pre-compression level. In spite of this recovery, in 8 cases a progressive fall of HbS throughout the compression period was observed. Considering the well established principle of peripheral vessel segmental reactivity", HbV recovery cannot be explained by dilatation of the resistance vessels alone as this should lead to an increase in blood flow velocity through the exchange vessels, and consequently to a reduction in arteriovenous O 2 difference, leading to an increase in mean Hb0 2 content of the examined brain tissue. A dilatation of capacitance vessels may be associated with a continuous fall in HbS as revealed by IR analysis. It is not clear how dilatation of the capacitance vessels might prevent impaired cerebral function which, as revealed by the EEG analysis, normally occurs in cases in which no recovery in cerebral blood volume was observed during the compression. By exclusion, it may be concluded that an increase in blood volume reflects recruitment of cerebral exchange vessels leading to increased O 2 extraction. This may be the first clinical correlation of a capillary recruitment phenomenon, as discussed by Cremer et al. 22 . Whatever the mechanism involved, the recovery of HbV observed in our study may be a compensatory phenomenon which was absent in EEG-positive CCTs.
Concerning cyt a.a, and its IR redox signal, the functional role of copper.a.a, in relation to haem a, 11 3 in electron transfer and oxygen utilization is poorly understood. Recently, reflectance spectrophotometry performed on perfused rat brain showed a biphasic pattern of copper signal in response to perfusion interruption'". In particular, soon after full reduction the copper signal began to change toward oxidation in spite of the persistence of the anoxic insult and the progressive reduction of haem a,a 3. These data support the notion that Cu. is an independent component of haem a. This could explain the biphasic pattern of R signal observed in some CCTs. The oxidation shift of cyt a,a3' sometimes observed in EEG·positives cases, seems to be a reaction to an earlier metabolic imbalance. An oxidative shift of cyt a,a 3 has been found to be part of the complex changes produced in experimental animals by the induction of Leao's spreading depression'". Therefore an oxidative shift EEG·positive EEG·negative
IR test results
Positive (n = 10) 7 3
Negative (n = 28) o 28 suggests that carotid compression produces a more severe impairment of brain function.
The statistical evaluation ofNIRS during CCT pro. vides preliminary evidence that it might be a useful monitoring device during CEA. Simultaneous IR monitoring of different areas of. the brain cortex would allow a better analysis of the effect of carotid compression.
The absence of false-negatives and the occurrence of 3 false-positives out of 10 positive IR tests (Table 3) supports the high sensitivity and the lower specificity of this test. However, the false-positive IR tests may also suggest a lower sensitivity of EEGs compared to IR tests.
To summarize, this study highlights the advantages of NIRS in providing data, not previously available, which may be useful during CEA. Further testing of this method is necessary to compare NIRS with other monitoring procedures during intraoperative carotid clamping.
